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ACT I VEL Y - CONTROLLABLE OPTICAL SWITCHES BASED ON OPTICAL 
POSITION SENSING AND APPLICATIONS IN OPTICAL SWITCHING 

ARRAYS 

This application claims the benefits of U.S. 
5 Provisional Application Nos. 60/207,643, filed May 26, 
2000, 60/209, 915, filed June 6, 2000, 60/211,693, filed 
June 14, 2000, and 60/241,727, filed October 18, 2000. 

Background 

10 This application relates to optical switches, and 

more particularly, to optical switches for various 
optical devices and systems, including optical 
communication and networking devices and systems. 

An optical switch may include a device to direct at 

15 .least one optical beam from one direction of propagation 
to another direction of propagation. One or more such 
optical switches may be used in various optical 
communication modules or systems to route optical signal 
beams to their respective destinations. One exemplary 

? p "inn : i ca t i on of cot i sal switches i ? t :• re cer.fi an rc 1 i ght 
oaths to form new light paths when needed. In another 
example, such a switch may be used to perform protection 
switching in which, when a iMher link fails, the beam 
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simultaneously transmit optisal carriers of different 
wavelengths to accommodate a large number of optical 
channels . 

Multiple optical switches may be used to form, a 
switching array ro switch and direct an array of input 
optical beams to their respective outputs. Such an 
optical switching array may oe designed to perform 
blocking switching and non-blocking switching. In a 
blocking switching array, when a first beam is directed 
to a selected output, another beam can be switched to 
only certain outputs and are blocked from reaching other 
outputs. In a non-blocking switching array, any input 
beam can be switched to reach any output. It is 
desirable to use non-blocking switching arrays to provide 
flexibility and versatility in directing optical beams in 
optical WDM communication systems and other optical 
systems that implement optical switching from multiple 
inputs to multiple outputs. 

Summary 

An optical switch according to one embodiment 
includes a switching element, an optical position sensor, 
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to produce a position signal indicative of a deviation 
between an aotual switching direction and a desired 
switching direction of ohe signal beam. The control unit 
is operable to respond to the position signal to control 
the switching element: to reduce the deviation so that the 
signal beam can oe substantially in the desired switching 
direction . 

The optical switch may also include an optical 
terminal having an optical aperture to receive the signal 
beam directed from zhe switching element, and another 
optical position sensor coupled to the optical terminal 
to measure a position of the signal beam on the optical 
aperture to produce a second position signal. The 
switching element may be operable to respond to the 
second position signal to further control the actual 
switching direction of the signal beam so that rhc signal 
beam is directed to a desired position on the opuicai 
aperture . 

Brief Description of Drawings 

FIGS. 1A, IB, and 1C show exemplary non-blocking 
switching arrays and respective arrangements in their 



WO 01/96924 



PC T/l SO 1/41013 



FIG. 3 illustrates degrees of freedom in directing a 
signal beam into a receiving optical terminal. 

FIGS. 4, 5, and 6 show three examples of non- 
fa 1 oc kin 3 switching arrays . 
5 FIGS. 6A and 6B show examples of switching arrays 

with two or more layers of incut and output fiber 
modules . 

FIGS . 7A, 73, 8, 9, 9A, 9B, 10, and 11 show 
exemplary local optical position sensing systems that 
10 monitor and control individual switching elements at 
their preset orientations. 

FIGS . 12, 12A, 12B, 13, 14, 14A, 14B, and 15 show 
exemplary switching systems that use designated global 
optical servo beams to implement the global optical 
15 position sensing. 

FIG. lo shows measured optical power at a receiving 
optical fiber as a function of azimuth and elevation 
angles, respectively, in switching arrays shown in FIGS, 
"i 7 a n a 1 4 7? . 
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Detailed Description 

Optical switch designs and switching techniques of 
the present disclosure include optical switching arrays 
having adjustable reflectors that are coupled to their 
respective positioning actuators and are actively 
controllable to direct opcical beams in free space. For 
example, multiple optical beams from one set input 
terminals such as input fibers may be directed to a set 
of receiving terminals such as output fibers through one 
or more optical switching arrays. A local optical 
position sensing me onanism can be implemented to monitor 
any deviation in the orientation of each individual 
refleccor from a desired orientation at which an optical 
beam directed by that re fleecer is properly aligned. A 
servo optical beam may be used to monitor and measure the 
orientation of each reflector. This servo optical beam 
may be a separate beam that does not carry communication 
data and is independent of the signal beam to be 
switched . 

hence, a 1 ocu.L servo con: ro L mechanism ::an be. formed 
in each reflector to control the actuator for each 
reflector, in response to a corresponding deviation 
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beam from a switching array to provide a fine positioning 
information for the switching elements involved in 
directing that signal beam so that one or more of those 
switching elements may be adjusted to finely align the 
5 signal beam. 

Each switching array may oe designed to use at least 
two different switching elements to direct any optical 
beam received from an inpuu terminal, e.g., an input 
fiber port, to reach a desired output terminal. This 
10 arrangement, in combination of the local servo, the 

global servo, or both, can be used to achieve reliable 
and accurate optical alignment in each switching 
operation . 

Such controllable switches may be generally used to 
15 form either blocking or non-blocking switching arrays. 

FIGS. 1A, IB, and 1C illustrate three different exemplary 
configurations 101, 102, and 103 for arranging input and 
output terminals that are coupled to a non-blocking 
switching array . 
2 0 In FIG . 17i, a non-blocking switching array 11 0 a is 

arranged to allow a N-channel input module 112a with N 
input optical terminals and another N-channel receiving 
module 1 1 2 b v; i z h U receiving terml rials to locate side by 
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phot oieteccor or an output fiber. Input fibers coupled to 
the input module 112a and output fibers coupled to the 
output module 112b may be substantially parallel so that 
the entire switch 101 can oe conveniently inserted into a 
slot of a control rack that has slots to mount other 
optical or electronic modules for an optical fiber 
communication system. In a non-blocking design, any 
input optical channel receive o by the input module 112a 
may be switched to any -output terminal in the receiving 
module 112b. 

Each of the input and reoeiving modules 112a and 
112b may also be bi-directional to operate both as input 
and output optical channels. Furthermore, at least 
another input or output N-channel module 112c may be 
coupled to the switching array 110a so that any input 
from the module 112a may be switched to any output of the 
module 112c. 

FIGS. IB and 1C shew alternative configurations 102 

and 133 with nor.-bl ocking switching arrays 110b ana 110c, 
respe ivoly . 7 ho input fibers and one output fibers are 
arranged in a -?C -degree configuration in FIG . 13 and are 
placed in two 'Opposing sides of the switching array 110c 
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positioning actuator may be c:>upled to the reflector to 
control the orientation of tne reflector in at least two 
ways. First , the actuator can set the reflector at two 
or more predetermined orientations for switching 
operations. Secondly, the actuator is operable to adjust 
the reflector around each predetermined orientation to 
optimize the alignment of the optical beam directed 
thereby . 

Actuators for the reflectors may be one-dimensional 
( 1 j) actuators that are operable to rotate their 
respective reflectors around a single rotation axis, or 
two-dimensional (2D) actuators that are operable to 
rotate their respective ref Lectors with respect tc two 
different rotation axes (e.g., two orthogonal axes). 
Such IE 1 or 2D actuators may be implemented in a variety 
of configurations, including galvanometer actuators and 
micro-electro-mechanical systems (MEMS) fabricated on 
semiconductor wafers . 

FIGS. Ih, 2b, =nd 2C illustrate exemplary 12 and 2C 
galvanometer actuators that may be usee, in optical 
switches. A galvanometer operates based or: a magnetic 
force between a conductive coil carrying an electric 
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pivot to rotate around a single axis 7:0. A magnetic 
assembly 240 is used to generate a proper magnetic field 
pattern a:, the coil 22 0 to ciuise the rotation. The 
direction and the magnitude of the electric current in 
the coil 220 can be adjusted to control the orientation 
of the coil-reflector assembly. 

FIGS. 23 and 2C shov/ two exemplary configurations 
for 2D galvanometer actuators. At least two independent 
coils are used to respectively cause rotations around two 
orthogonal rotation axes 2 20 and 25 3. The design in FIG. 
2B uses a spring or flexure mechanism to implement each 
of the two rotation axes. The design in FIG. 2C uses a 
pivoted gimbal configuration in which the coil -reflector 
assembly is suspended in a frame 2 60 to rotate around the 
first axis 2 60 and the frame 2 60 is suspended in another 
frame 27 0 to rotate around the second axis 250. 

A switching array, such as the switching arrays 101, 
102, and 10? shown in FIGS. 1A, 13, and 1C, may be 
designed to provide two or more switching elements in 
each cd t leal pat:: wi*;hin the switching array to allow for 
a sufficient number of degrees of freedom in adjusting 
the direction of each signal team.. For example, the 
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receiving optical aperture of the terminal, such as the 
input fiber facer of a receiving fiber or photodetector . 

FIG. 3 shows the four degrees of freedom in 
alignment of a signal beam 3 01 incident to a receiving 
optical aperture 320 of a receiving terminal 310 in a 
switching array. There are two degrees of freedom in 
z ranslational adjustments along two orthogonal directions 
x and y on the optical aperture 3 20 in one xy plane. The 
other two degrees of freedem are angular adjustments in 
the azimuth angle 0 in the y;: plane arcund the x axis as 
azimuth rotation axis and an elevation angle ip in the 
vertical >;: plane around the y axis as the elevation 
axis. All terminals in the input and receiving modules 
401 and 402 are located within the yz plane. A switching 
array may be arranged to have at least four separate ID 
reflectors in each optical path, or a combination of at 
least one 2D reflector and two ID reflectors, or a 
combination of at least two 2D reflectors. 

FIG. 4 illustrates a:: exemplary switching array 400 
based on ID dcluaLurs in all i effect'- rs in a nc n-b Locking 
configuration. An input module 4 01 and a receiving 
module 4 02 with the same number CI) of terminals are 
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within the same linear switching array do not receive a 
signal beam from or send a signal beam to each other. 
Each signal beam Is reflected four times by four 
different reflectors respectively in the four linear 
switching arrays -110 through 440 to provide the four 
degrees of freedom in alignment. 

Two linear switching arrays, 410 and 4430, are 
positioned to respectively receive input signals from the 
input module 4 01 and to send the switched signals to the 
receiving module 4 02. One switching element in each of 
the arrays 410 or 440 only receives a signal beam from or 
sends a signal beam to a designated terminal in the input 
module 4 01 or the receiving module 402 as illustrated. 
In addition, each switching element in the array 410 only 
receives a signal beam from or sends a signal beam to a 
designated switching element in the array 420. 
Similarly, each switching element in the array 440 only 
receives, a signal beam from or sends a signal beam to a 
designated switching element: in the array 4 30. 
Furthermore, each 11' swi a chine: in the arrays 41 J and 441 
can change the direction of a signal beam in the 
elevation direction as defined in FIG. 1. 
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430 are positioned relative t :: each other to allow any 
reflector in one of the arrays 4 20 and 4 30 to receive a 
signal beam from or send a beam from to any one of N 
switching elements in the other array. Hence, for a 
5 given angular scanning range 0 for each reflector, the 

linear switching arrays 420 and 430 should be spaced and 
positioned so that each linear switching array is within 
the field of view of each switching element of another 
linear switching array, such as between arrays 410 and 
10 420, between arrays 420 and 430. Therefore, oho linear 
switching arrays 4 20 and 4 30 are used to perform the 
actual switching operations in the system 400. All four 
ID arrays 410 through 440, however, are used to align the 
signal beams. 

15 FIG . 5 shov/s another non-blocking switching array 

500 with three linear switching arrays 510, 520, and 530, 
two of which, e.g., 510 and 530, have ID reflectors in 
two orthogonal directions, and one of which, e.g., 520 

h~s 2D reflectors. FIG. 6 shows yet a third ox amnio of a 
20 non-blccking switching array 200 having two 2D N-ele:nent 
linear switching arrays 610 and 620 so than each beam is 
reflected only :v;ice by two different switching elements. 
Hence, us! no ZD reflectors can reduce the number 
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switching element. For example, any alignment error 
caused by a small angular error may be amplified in 
displacement by the total traveling distance of each beam 
for using ID linear switching arrays. 
5 The switching array 400, 500, and 600 may operate 

bi-directionally to switch channels from the I/O module 
4 01 to the I/O module 4 02 or vice versa. 

In the switching array 600 in FIG. 6, the I/O 
terminals of the I/O modules 401, 402 and the 2D 

10 switching elements may be placed substantially in the 

same plane to form an NxN switch layer. Two or more such 
layers may be stacked together in parallel to form a 
(MN)x(MN) switch network where M is the number of stacked 
layers. Similar to the requirement within each layer, 

15 the number of layers, K, is limited to the field of view 
of each switching element as illustrated in FIG. 6A (M=3) 
to allow any input from any layer to any output in the 
same layer or any other layer. 

Alternatively, a single switching array 60') may be 

20 used to fern: an :\x \ switch network when M layers of 
I/O modules 401, 402 are stacked in a non-parallel 
configuration so that fiber terminals at the same 
posit, i on in different layers can op* i e a \ Ly communicate 
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axis of the two terminals form an acute angle and 
intercept at or near the reflector of their designated 
switching element. When the designated switching element 
is oriented to direct a beam from one angled terminal to 
5 another linear array, the beam from the other angled 
terminal cannot be directed and hence is blocked. A 
receiving switching element in the other linear switching 
array, however, can direct the received beam to any one 
of the two corresponding angled terminals. Hence, the 
10 switching network is either a N-to-MN switch or a MN-to-N 
switch . 

It is recognized that an adjustable reflector may 
have errors in its orientation. Such position errors may 
be caused by various factors, including but not limited 

15 to a change in the operating environmental parameters 

(temperature, humidity, vibrations, etc.), the inherent 
design, or aging of the combination cf each reflector ana 
the respective actuator. Hence, it may be desirable to 
imp lemon r a local optical position sensor in each 

t', re tie jr or and a control unit to control the actuator to 

correct the error based on the error measurement obtained 
from the oositicn sensor. 
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to be redirected by the reflector and have a completely 
different optical path from the signal bean. The servo 
optical beam may have a sorv:; wavelength different from 
that of the signal beam so that the switching array is a 
5 NN dual-color " or iichroic optical system. 

FIGS. 7A and 7B shew two different examples of 
suitable lecal optical position sensors individual 
reflectors. FIG. 7A illustrates a switching element 700a 
which has a reflector 710 and an actuator 712 (e.g., a 

10 galvanometer) for controlling the reflector 710. A base 
702 is used to support both the actuator 712 and the 
reflector 710. The actuator 712 may be operable to 
rotate the reflector 710 with respect tc a single 
rotation axis or two orthogonal rotation axes. The 

15 reflector 710 has a reflective surface 714 to direct an 
input signal beam 711a to another direction along 711b. 
In general, the actuator 712 is operable to set two or 
rrnre predetermined reflector orientations for switching. 
Wnen the r«£ i iect :>r '.'10 arrears the input signal beam Vila 

2 0 t o a d ire a t i o n 1 1 I c t h a 1: dev i a t e s from a de s ired 

predetermined direction 7 lib, the actuator 712 can be 
adjusted to correct the deviation and hence to adjust the 
reflected beam back to trie proper direct i on '/lib. Such 
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change in a reflection of an optica.! servo beam 7 22 to 
detect the deviation. 

The refJ.ector 710 is designed to include a second 
reflective surface 716 that may be on the opposite side 
of the first reflective surface 7 14. A light source 72 j 
and a position-sensing photodete ::or 7 30 are mounted on 
the base 7 02 to generate the servo beam 722 and to detect 
a position of the reflected servo beam 723, respectively. 
A LED or a diode laser may be used as the light source 
723. The phot odetector 730, which can be used in other 
embodiments of this disclosure, may include a sensing 
surface operable to determine a position of the reflected 
monitor beam 723. For example, a detector with an array 
of discrete photosensing areas or pixels such as CCDs or 
quad detectors may be used. in addition, a semiconductor 
position sensitive detector with a PIN photodiode may be 
used. The PIN photodiode may include one or two uniform, 
resistive surfaces to provide continuous pc sit ion data of 
a beam. The relate ve positions of the reflector 7 0 , the 
light source 7/0, and the detector 730 ate arranged and 
calibrated so that the positions of the reflected servo 
beam 723 on the detector 730 can be used tc measure the 
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driving current to a respective zoil if the actuator 712 
is a galvanometer actuator. 

FIG. 7B shows a switch 7 00b with an alternative 
optica L sensing mechanism. A polarization beam splitter 



used to guide the incident: polarized servo beam 722 and 
the reflected servo beam 723. The servo beam 722 is 
linearly polarized upon entering the PBS 7 40 so that it 
transmits through the PBS 740. An optical element 742 

10 may be placed between the light source 720 and the PBS 
74 0 to modify the output beam from the light source 720 
so that the beam is linearly polarized along a proper 
direction and is well coll i.mated. The lens 74 6 then 
images the servo beam 722 onto the second reflective 

15 surface 716 of the reflector 710. The reflected servo 

beam 72 3 passes through the lens 74 6 and the rotator 744 
for the second time so that its polarization is rotated 
by 90 degrees with respect to the original polarization. 
T h e P 6 3 7 4 0 t h e n d i rect s ': h e r e f 1 e c t e d servo beam ' / 2 3 to 



5 



(PBS) 74 0, a a qu 



arter wave plate 744 , and a lens 74 6 are 



tne pnotocetoctor 



3 0 



A control circuit 310 i 



i.s generally implemented to 



control the actuator 712 in response to the position 



error stgna ! : rn:r. tune pes : . r ;ri-sensing ph.ot-.ocic tiector 



■/ i ',< 
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7B and other implementations is used to monitor and 
measure the alignment error in the reflector 710. The 
control circuit 810 responds to the posirinn error signal 
from the optical position sensor 810 to produce a control 
5 feedback signal to the respective -one reflector actuator 
712 (e.g., a galvanometer). The actuator 712 then 
adjusts the orientation of its reflector to reduce the 
error associated with that reflector. 

The above use of an independent servo beam may also 

10 be implemented in an optical position sensing system 900 
shown in FIG . 9. The system 900 operates based on the 
control mechanism generally shown in FIG. 8. A switching 
array 940 has multiple of reflectors engaged to their 
respective actuators to switch input signal channels to 

15 various output channels as illustrated in FIGS. 1A, 13, 
1C, 4, 5, 6, 6A and 6B. A control circuit controls the 
actuators to set the reflectors in their desired 
switching positions and maintain the ref letters in such 
5 wit: ■:: h i n g p c sit i o n s accc :: d .1 :-c to p osi: i c n s e n sing signals 

2 0 f. rem posit: en senior* . Trr- posit Ion .sensors here use an 
auxiliary reflector 910 engaged to an actuator and a 
position-sensing photodetector 910, both located at 
p rot rie term.i nod positions with respect to the swi tcring 
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not direct any signal beams. In particular, the 
auxiliary reflector 910 can be adjusted with respect to 
two orthogonal rotation axes to project: the auxiliary 
servo beam 901 to any of tr.c reflectors in the switching 
5 array 940, one at a time. The wavelength of the 

auxiliary servo oeam 901 may oe different the signal 
beams that are switched by the switching array 94 0. 

A position-sensing unit 920 is used to measure and 
set the orientations of the reflector 910 to preset 

10 positions to direct the servo beam 901 to the back 

surface of different ref letters in the switching array 
94 0. The designs shown in FIGS. 7A and 7B may be used to 
implement the unit 920 which includes a position- 
sensitive detector 921 and a Light source 922. The 

15 position of a beam from the light source 922 on the 

sensing surface of the detector 921 have a one-to-one 
correspondence with the orientations of the auxiliary 
reflector 910 and are used as a reference to set the 
orientations c f the reflector 910. A cent rc 1 unit 923 

2 H : ; s - s l - h •? : ~ o s : t ; r : n s i g r ; a \ ft cm ". h o d e t e c: t c r 2 2 1 t . c c: o r. t r o '. 
the orientations of the reflector 91 J. The auxiliary 
reflector 910 hence directs the servo beam 901 to the 
bauk rrur face of any reflector in tine switcning array 9 4 C . 
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ref lector. This detector is located at a second 
predetermined location with respect to the respective 
reflector to determine the direction of the reflected 
beam 501. This information is then used :o determine the 
orientation of the respective reflector. A control unit 
960 uses the output from one detector 950 to set and 
maintain the reflector at each desired switching 
orientation . 

FIG. 9A further shows that a collimating optical 
element 903 such as a lens may be used to collimaoe the 
servo beam. 901. FIG. 9B shows that an imaging optical 
element 9 52 may be used to image the reflected beam 901 
onto the detector 950. 

FIG. 10 shows another optical position sensing 
system 1000 that uses an auxiliary servo beam 1032 to 
monitor the orientation of each reflector 1002 in a 
switching array 1001. The servo beam 1032 is generated 
from a light source 1030 and is substantially collimated. 
An auxiliary steering reflector 10.: 2 is positioned to 
direct the servo be rim .1 " 32 to the bask reflective surface 
of each reflector 10 02 in the switching array 1001 one at 
a time. A lens assembly 1020 is placed between the 
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respective back reflective surfaces of the reflectors 
1002. The lens assembly 1020 and the steering reflector 
1050 are positioned so that the serve beam 1032 can be 
directed to different individual reflectors 1002, one at 
5 a time, by adjusting the steering reflector 1050 at 

preset orientations. The position sensors shown in FIGS. 
7A and 7B may be implemented in the steering reflector 
1050 to measure and control its orientations through an 
auxiliary control circuit 1058. For example, an optical 

10 position sensor with a beam splitter 1054, a position- 
sensing photodetector 1056, and a light source 1052 may 
be used as illustrated. The servo beam 1030, upon 
reflection at the back surface of each reflector 1002, is 
directed back to the steering reflector 1050 through the 

15 lens assembly 1020 for measuring the orientation of that 
selected reflectcr 1002. 

An optical position sensor module 104 0 may be placed 
to receive the reflected servo beam 1032 from ~he 
steering reflectcr 105C to me a sr.. re the orient n~ : cn ot the 

2 0 s r . leer, ed rot leer, rr 10 02. 7 :: r he erample shown , t ho 

mcriule 104 0 includes a beam, splitter 7 041, a lens 1044 , 
and a position-sensing photodetector 1042. The beam 
s p 7 i 1 1 e r 1 0 4 1 dire c t: s h c r •; -fie c t c d s o r v o o e a x. 1 0 1 2 t o 
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polarization of the reflected servo beam 1032 to be 
orthogonal to the original servo beam 1032 so that the 
entire reflected servi) beam can be directed to the 
detector 1041. The system 1000 can be calibrated to 
associate different orientations of each reflector 1020 
to different beam positions on the sensing surface of the 
detector 1042 and hence a reflector control circuit 1060 
can be used to control the reflector 1002 in response to 
the measured position of the reflected servo beam 1032 on 
the detector 1042. 

The above system 1000 in FIG. 10 may be incorporated 
into any linear array of reflectors to avoid using a 
position sensor in each individual reflector as 
illustrated in FIGS. 7A and 73. For example, the system 
1000 may be implemented in each linear switching array in 
the non-blocking switching arrays shown in FIGS . 4, 5, 
and 6. For example, FIG. 11 illustrates chat the system 
1000 in FIG. 10 may be used to provide position sensing 
ana c o n t r oiling : o a n act : v o 1 y centre .1 labie s w i t c h i n g 
system 1 1 0 C base o zhe wi r. ohing architecture GC 0 siiowr. 
in FIG. 6. The orientations of the reflectors in linear 
switching arrays 610 anc £20 are respectively controlled 
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In addition to optical position sensing locally at 
each reflector, a global optical sensing mechanise may be 
further implemented to optically monitor and measure the 
overall alignment of a signal beam that is controlled by 
5 twi) or more reflectors. The local optical sensing may be 
used to provide a coarse position control and the global 
optical sensing may be used to provide a fine position 
control. These two different optical position 
controlling mechanisms may be combined to enhance the 

10 accuracy of the optical alignment in a switching array. 

The global optical position sensing may be implemented by 
using a signal beam or a global servo beam independent of 
the signal beam. Different from the local position 
sensors in FIGS. 7A and 73, the global optical sensing 

15 does not directly indicate the position errors of 

individual switching elements in the optical path of a 
signal beam. Rather, a parameter related to the beam 
position on the output fiber is measured to indicate the 
total effect ci posit ton errors from two or more 

;.tJ switching elements in the rat; o; the signal, beam on the 
final position of the beam on the output fiber. 

FIG. 12 shows one embodiment of a global optical 
posit: i on sensing system by measuring posit ions of the 
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ea:h receiving optical aperture of an I/O fiber 1220 to 
measure the position of the received signal bean with 
respect t :> the center of the fiber core. A position 
signal 1224 is generated by each phocodetector 1222 to 
indicate the amount of the position offset at the 
respective receiving I/O fiber. A global control circuit 
1230 responds to each position signal 1224 to generate an 
alignment control signal 1232 to control at least one of 
tne two or more reflectors in the optical path of the 
signal beam associated with the position signal 1224 to 
reduce the alignment error ac the respective I/O fiber 
1220 . 

FIG. If: A is a side view along the line A-A' of the 
detector 1222 and the receiving I/O fiber 1220. FIG. 
12B is a view along the line B-B' in the optic axis of 
the fiber 1220. In front of the optical receiving 
aperture cf each I/O fiber 1220, a coupling lens 1223 is 
used to couple a beam into or out of the fiber core. The 
position sen sine phetociet ec Lor 1222 may inc. luce t wo bi- 
c i • ! i cote r: o o r s 1/22 a a n : 1212 h e a oh w i t h t w c sons 1 n o 
colls. The detectors 1222a and 1222k may be placed 
between the fiber aperture of the fiber 1220 and the lens 
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along the orthogonal direction. This positioning signal 
1224 includes information :>n these signal differences and 
is fed to the global control circuit 12 30 to control the 
relevant reflectors in the switching array 121 C. 
5 FIG. 13 shows another embodiment of a global optica], 

position sensing system that measures signal beams at the 
receiving optical apertures of I/O fibers to determine 
optical alignment of the signal beams. A fiber coupler 
1320 is used to tap a small fraction, e.g., several 

10 percent, of the received signal beam 1301 from the output 
fiber 1312, into a fiber 1322. The majority of the 
optical power 1312 remains in ohe output fiber 1330. A 
photodete ctor 1340 is coupled to the fiber 1322 to 
receive the taped optical power and to produce an 

15 indicator signal 1342. The greater the power coupled 

into the output fiber 1312 with coupling optics 1310, the 
smaller the overall alignment error in switching the 
signal beam 1301. The positions of the reflectors in the 
switching elements that reflect trie beam 1301 in the 

It switching array 121C should re ad;- us ted to maximize too 
output power in the output fiber 1312. 

The global control circuit 1210 may be operable to 
offset til-.- position of a:: ooos*" one :f ; no reflectors 
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directions until the positions at which the signal 1342 
reaches its maximum. A predetermined adjustment routine 
may be used to adjust the tw:> Dr more reflectors in the 
path of the beam 1301 in the switching array. As 
5 illustrated in FIG. 13, the control circuit 1/30 receives 
such an indicator signal from each output fiber and 
controls the actuators on the respective reflectors that 
reflect the output beam to that: output fiber. Thus, all 
output power levels at their respective output fibers are 

10 maximized. 

The above global position sensing techniques need 
the presence of the signal beams. Alternatively/ a 
designated global servo beam may be generated at each 
input port of a switching array to substantially overlap 

15 with the corresponding signal beam throughout the 

switching array. Hence, in absence of signal beams, the 
reflectors in the switching array can still be aligned by 
using the global servo beams. The wavelength of the 
alignment: ream may be selectee to be different, from chat 
of the input signal beam and hence can be separated at a 
respective output port oy using a wavelength-selective 
coupling element. In this case, the front reflector 
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position at a position-sensing ph :;to det ect or nay oe used 
to generate an indicator signal. 

FIG. 14 shows a switching array 1410 that uses 
global servo begins that respectively track one signal 
begins to implement one global optical position sensing. 

system 14 00 includes a non-blocking switching array 
1410, an input nodule 1420, an output module 1430, and a 
global control circuit 1210. At each input, an input 
finer 1422 is coupled to a coupling optical module 1424 
to direct an input beam 142 5 in free space to the 
switching array 14IC. A light source 1426, such as a LED 
or diode laser, is used to generate an alignment beam 
1427 at a wavelength different from the input signal beam 
1425. For example, one input signal beam 1425 may be at 
about 1550 nm while the alignment team 1427 may be in the 
spectral range from about 500 nm to about 90 0 nm. A 
dichroic beam splitter 1428 is implemented to combine the 
beams 1425 and 1427 to co-propagate in the switching 
array 1410. Hence, the di recto :;n of the alignment beam 
14:27 at the output modulo 14 it ::e\: resent s the direction 
of the signal beam 14j.i: . The positioning information of 
the alignment beam 1427 is therefore used to control the 
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input signal bean:. 1425 is directed into a coupling 
optical element 14 32 and the proper output fiber 14 34. 
The alignment beam 1427, on the Dther hand, is directed 
to a position-sensing photodetector 14 38 such as a quad 
5 detector or an array of photosensing pixels. The 

photodetector 1438 is positioned and calibrated so that a 
reference location on lis sensing surface can be used to 
represent a desired alignment for the signal beam 1425 
into tne output fiber 1434. An indicator signal 14 39, 

10 representing a deviation from the reference location, is 
sent to the control circuit 1210 to adjust the relevant 
reflectors that reflect the beams 1425 and 1427. 

FIG. 14A shows another embodiment for combining the 
alignment beam 1427 with the input signal beam 1425. A 
15 wavelength-selective fiber coupler 1440 is used to couple 
the alignment beam 1727 into the input fiber 1422. The 
output of the coupling element 1424 thus has both the 
signal beam 1425 and the alignment beam 1427. 

FIG. 14B also now s an alternative embodiment for 

11 each output in r he ui::::;:r rr.cviule 1430. 'lit::- coupling 
optical element 14 32 couples both beams 1425 and 1427 
into the output fiber 1434. A wavelength selective fiber 
c o up lei" 1 4 4 0 \ r, couple r; t r, the u a \ put f 1 b or 1 4 3 4 t o 
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or maximize the output power of the global servo oeam 
1427. Different from the system in FIG. 13, the global 
servo beam 1427 has a wavelength different from tne 
signal beam 1425. Hence, the global servo beam 1427 may 
5 be selected at a visible or near-infrared wavelength to 

reduce the cos: of the light source 1426 and the detector 
1450. 

FIG. 15 shows yet another exemplary switching system 
that uses designated global servo beams to implement the 

10 global optical position sensing. Two separate input 

fibers 810 and 814 are arranged in parallel and close to 
each other to respectively carry an input beam 1513 and a 
servo beam 1515 at different wavelengths. A signal 
coupling optical element 1512a such as a lens or 

15 microlens is used to direct the signal beam 1513 into the 
switching array 1520. A servo coupling optical element 
1512b is used ;o direct the servo beam 1515 in parallel 
to the signal beam 1513 to the switching array 1520. 
Hence, the beams I b 1 3 and 1515 cc- -propagate ale no tv/r, 

.1'.; slightly displaced :-u;:i para... ie... cpzical paths in the 
swi toning array 152 0 and are reflected by the same 
reflectors. At the output for each channel, a dichroic 
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servo beam 1515 is reflected by the beam splitter 839 to 
a position-sensing photodet eetor 1538 through another 
lens 1534. A reference location on the sensing surface 
of che detector 1538 is used to align the servo beam 1515 
5 to hit on a desired location on the detector 1538. This 
alignment also aligns the signal beam 1513 with respect 
to the output fiber 154 0. A position indicator signal 
1539 generated by the detector 1538 is used by the 
control circuit 1210 to control the relevant reflectors 

10 that direct the beams 1513 and 1515. FIG. 15 only 
illustrates one input and its corresponding output. 
Other input and output channels may be constructed and 
operate simi larly . 

It is contemplated that, different optical position- 

15 sensing techniques may be combined together in a single 
switching array. For example, any of the local optical 
position sensing systems shewn in FIGS. 7A, 7B, 9, 10, 
and 11 for coarse aligning of individual reflectors and 
the global position-sensing systems shown in FIGS. 12, 

20 L2A, 1 2 B , .13, :3A, 133, 14, a no. 15 for Line aligning cl 
the overall optical alignment cf each signal beam. A 
combination of such coarse and fine positioning sensing 
and control ling systems may provide operational 
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individual reflector to one or more preset orientations. 
Such local servo control, however, may not bo adequate to 
ensure the proper alignment effectuated cy two or more 
reflectors from an input terminal to a desired output 
5 terminal since various changes and variations in one 
switching system may cause the overall alignment of a 
particular optical path deviate from what was intended by 
the preset orientations. The global control, on the 
other hand, provides a measurement: for the alignment 

10 error of an entire optical path but does not explicitly 
indicate the specific alignment error in each reflector 
in that optical path. The combination of the local and 
global optical position sensing mechanisms thus can be 
used to achieve robust optical switching operations with 

15 both local and global control. 

The systems shown In FIGS. 13 and 143 may also be 
used to control the amount of optical energy of the 
signal beam that is coupled into one output: fiber 1330 or 
1 4 3 4 . S j c 1 1 v a r i a b 1 e o p ; i.eal coupling is a one b y 

20 adjusting one or mc. re roilec: o.\ s in vine optical pal); . : ■:, 
signal ream :c set its power at a desired value at the 
output fiber. Hence, the amounts of optical energy of 
different siqria.! beams to their respective output fibers 
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output fibers for, e.g., equalizing the signal strengths 
of different output WDM channels in a WDM system. 

FIG. 16 illustrates how the optical power of a 
signal beam coupled into an output fiber varies with the 
5 either the azimuth angle or the elevation angle of one 
reflector in the optical path of the signal beam. The 
angle of the reflector where the coupling power is 
maximum is represented by 0 degree. This offset control 
is a feedback system char monitors the tap fiber 

10 amplitude, and modifies one or more reflectors in order 
to keep the tap amplitude at a preset constant level. 

Although only a few embodiments are disclosed, 
variations and enhancements may be made. For example, 
although the local and global optical sensing mechanisms 

15 are described with specific reference tc non-blocking 
optical switching arrays, it is understood that such 
optical sensing mechanisms may be applied to any 
controllable switching arrays including blocking 
switching arrays . For anc the.:: example, the optical 

2 0 : : o s i tion s e it s i n g me o han: sms may ; - e a p pii c a r: 1 e t c o p t i c a 1 
switching elements other than reflector switches as long 
as the switching mechanism can be controlled to vary the 
direction of a bean. These ana ather embodiments end 
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What Is Claimed Is: 



1. An optical switch, comprising: 

a switching element to direct an optical signal 
5 beam to one or more switching directions; 

an optical position sensor adopted to use an 
optical servo beam to measure a property of said 
switching element to produce a position signal indicative 
of a deviation between an actual switching direction and 
10 a desired switching direction of said signal beam; and 

a control unit to respond to said position 
signal to control said switching element so as to reduce 
said deviation to direct said signal beam substantially 
in said desired switching direction. 

15 

2. The optical switch as in slaim 1, wherein said 
signal beam has a wavelength different from a wavelength 
of said servo beam. 

2 0 3. The op ureal switch as in :1a i m 1 , wherein sale 

switching element includes a reflector having a signal 
reflective surface to reflect sail signal beam and a 

relic..: 1 , said serve beam, and 
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4. The optical switch as in claim 3, wherein said 
optical position sensor includes a light source to 
generate said servo beam to said reflector and a 
position-sensing photodetect-: r to measure a position of 
5 said servo beam upon reflection from sale reflector, said 
photodetector operable to produce said position signal. 



5. The optical switch as in claim 4, wherein said 
photodetector includes discrete photosensing areas. 

10 

6. The optical switch as in claim 4, wherein said 
photodetector includes a PIN photodiode with at least one 
uniform, resistive surface to provide continuous position 
data . 

15 

7. The optical switch as in claim 3, wherein said 
actuator is operable to adjust said orientation of said 
reflector around a single rotation axis. 



c . The Dp ticai sv; i tc:. as m claim j, wherein said 
actuator is operable t:> adjust said orientation of said 
reflector around two different rotation axes. 
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10. The optical switch as in claim 1, further 
comprising : 

an optical terminal having an optical aperture 
to receive said signal beam directed from said switching 
5 element; and 

another optical position sensor coupled to said 
optical terminal to measure a position of said signal 
beam on said optical aperture to produce a second 
position signal , 
10 wherein said switching element is operable to 

respond to said second position signal to further control 
said actual switching direction of said signal beam to 
direct said signal beam at a desired position on said 
optical aperture . 

15 

11. The optical switch as in claim 10, wherein said 
second optical position sensor includes: 

an optical coupler coupled to said optical 

terminal to split a portion of optical energy received by 
2 0 said optical aperture; 

a photodetector to receive said portion of 
optical energy to produce a detector signal indicating an 
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12. The optical switch as in claim 11, wherein saio 
portion includes an optical servo beam at a wavelength 
different a signal wavelength of a signal beam in said 
optical beam, and wherein said optical coupler is a 

5 dichroic optical coupler. 

13. The optical switch as in claim 11, wherein said 
portion is a part of said signal beam. 

10 14. An optical switch, comprising: 

a first array of switching elements and a second 
array of switching elements, each switching element 
operable to direct a signal beam from one direction to 
another direction, wherein each switching element in one 

15 of said first and said second arrays is operable to 
direct an incident beam to each and every switching 
element in another of said first and said second arrays; 

a first optical position sensor to use at least a 
first optical servo beam :c measure a property o t each 

2 0 s v; i t c h i n cj e 1 em. e n t i i: r a i 6. i i r ? t a r r ay • ; pr o d u c e a t i r s z 
position signal indicative of a deviation between an 
actual switching direction and a desired switching 
direct ion of a f i rs r sign,-] beam receiver] by a i ri each 
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switching element in said second array to produce a 
second position signal indicative :>f a deviation between 
an actual switching direction and a desired switching 
direction of a second signal beam received by said each 
5 switching element in said second array, 

wherein each switching element in said first array 
is operable to redjce said deviation to direct said first 
signal beam substantially in said desired switching 
direction, and wherein each switching element in said 
10 second array is operable to reduce said deviation to 
direct said second signal beam substantially in said 
desired switching direction. 



15. The optical switch as in claim 14, wherein an 
15 input signal beam is directed once by one switching 
element in said first array and once by a switching 
element in said second array to produce an output signal 
beam at a desired output direction. 

7. y. '16. The optical switch as : n ti aim 1 -j , further 

comprising : 

a receiving optical terminal having an optical 

aperture to roce: ve said out put tignal beam; the 
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signal beam on said optical aperture to produce a 
terminal position signal, 

wherein at least one of said switching element 
in said first array and said switching element in said 
5 second array is operable to respond to said terminal 
position signal to further direct a direction of said 
output signal beam to a desired position on said optical 
aperture . 

10 17. The optical switch as in claim 14, wherein each 

switching element includes a reflector that has a first 
reflective surface to reflect a signal beam and a second 
reflective surface to reflect a servo beam, wherein each 
of said first and said second optical position sensors 

15 includes: 

a light source to produce said servo beam; and 
a photodet ector having a posit ic n-sensing surface to 
receive said servo beam reflected from said second 
reflective surface and to produce a position signal . 

p n 

13. The optical switch as in claim 17, wherein each 
of said first and said second optical position sensor 

includes a do an splitter positioned to uirect sate servo 
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19. The optical switch as in claim 13, wherein said 
servo beam is linearly polarized and said bean splitter 
is a polarization beam splitter, wherein each optical 

5 position sensor further includes a polarization rotator 
to rotate a polarization of said servo beam reflected by 
said second reflective surface by abcut 90 degrees from a 
polarization of said servo beam incident to said second 
reflective surface . 

10 

20. The optical switch as in claim 17, wherein each 
switching element includes an actuator engaged to said 
reflector to adjust an orientation of said reflector in 
two orthogonal directions. 

15 

21. The optical switch as in claim 20, wherein said 
actuator includes a galvanometer. 

22. The optical switch as in claim 14, each 

2 C :v w itch: n g e L e m e n i n s a i a .:: i r s z and sai d s e c a n a a r r ays is 
operable to ad j use a direction of a beam in two 
orthogonal directions . 
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directing an optical signal beam through an 
optical path with a plurality of optical switches to 
reach a receiving optical terminal ; 

controlling each optical switch by using a 
5 local servo optical beam, independent from said optical 
signal beam, to measure a switching direction of each 
optical switch and adjusting said switching direction at 
a desired direction based on the measurement; 

optically measuring a position of said signal 
10 beam on said receiving optical terminal to determine a 
position error; and 

adjusting at least one of said optical switches 
to reduce said position error. 

15 24. The method as in claim 2 3, further comprising: 

using a global servo beam, independent form 
said signal beam, to follow said optical path of said 
signal beam; and 

measuring a position of said global servo beam 
20 on said receiving optical terminal to determine said 
position error of said signal beam. 
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26. The method as in claim 25, further comprising: 

adjusting at least one of said optical switches 
in said optical path to change said position of said 
signal beam on said receiving optical terminal so that 
the received optical pcwer is substantially equal to a 
preset power level. 
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FIG. 1B 
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"X" document of particular relevance; ihe claimed invention cannot be 

considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

"Y" document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the document is 
combined with one or more other such documcriis, such combination 
lH:iiig obvious to a person stilled in the art 
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